In a microarray study, we found that hepatic miR-291b-3p was significantly increased in leptin-receptor-deficient type 2 mice (db/db), a mouse model of diabetes. The function of miR-291b-3p is unknown. The potential role of miR-291b-3p in regulating hepatic lipid metabolism was explored in this study. High-fat diet (HFD)-and chow-fed mice were injected with an adenovirus expressing a miR-291b-3p inhibitor and a miR-291b-3p mimic through the tail vein. Hepatic lipids and lipogenic gene expression were analyzed. Additionally, gain-and loss-of-function studies were performed in vitro to identify direct targets of miR-291b-3p. MiR-291b-3p expression and the protein levels of sterol regulatory element-binding protein 1 (SREBP1) and fatty acid synthase (FAS) were increased in the steatotic liver of db/db mice and HFD-fed mice versus their respective controls. Inhibition of hepatic miR-291b-3p expression prevented increases in hepatic lipogenesis and steatosis in HFD-fed mice. The opposite was observed when miR-291b-3p was overexpressed in the livers of chow-fed C57BL/6J wild-type mice. In vitro studies revealed that silencing of miR-291b-3p in NCTC1469 hepatic cells ameliorated oleic acid/palmitic acid mixture-induced elevation of cellular triglycerides. Importantly, we identified AMP-activated protein kinase (AMPK)-␣1 as a direct target of miR-291b-3p. Using metformin, an activator of AMPK, we showed that AMPK activation-induced inhibition of hepatic lipid accumulation was accompanied by reduced expression of miR-291b-3p in the liver. Liver miR-291b-3p promoted hepatic lipogenesis and lipid accumulation in mice. AMPK␣1 is a direct target of miR-291b-3p. In conclusion, our findings indicate that miR-291b-3p promotes hepatic lipogenesis by suppressing AMPK␣1 expression and activity, indicating the therapeutic potential of miR-291b-3p inhibitors in fatty liver disease.
Nonalcoholic fatty liver disease (NAFLD) 4 is characterized by excessive triglyceride accumulation in the liver. It is the most prevalent chronic liver disease worldwide and is strongly associated with various metabolic disorders, such as obesity, type 2 diabetes, and cardiovascular disease (1) (2) (3) . The disease may progress to nonalcoholic steatohepatitis (NASH), hepatic fibrosis/cirrhosis, and hepatocellular carcinoma due to the co-existence of other detrimental factors (4, 5) . Although the molecular mechanisms for NAFLD development and progression are not completely understood, increased synthesis of triglycerides is considered an important factor in driving hepatic lipid accumulation.
Mammalian AMP-activated protein kinase (AMPK) is a key enzyme in energy sensing and fatty acid biosynthesis (6 -8) . It is a heterotrimer of the ␣, ␤, and ␥ subunits (9 -11) . The ␣1 subunit has a catalytic domain that is activated and phosphorylated by an upstream kinase, which is highly expressed in liver (12) . AMPK is known to inhibit fatty acid synthesis by phosphorylating serine 79 of acetyl-CoA carboxylase 1 (ACC1), a rate-limiting enzyme in de novo lipogenesis. A recent study showed that hepatic activation of AMPK by a synthetic polyphenol protects against hepatic steatosis, hyperlipidemia and atherosclerosis in low-density lipoprotein (LDL) receptor (LDLR)-deficient mice, in part through suppression of sterol regulatory element-binding protein-1 (SREBP-1)-and SREBP-2-dependent lipogenesis (13) . While activation of SREBP2 primarily promotes cholesterol synthesis, SREBP1c activation stimulates fatty acid and triglyceride synthesis by up-regulating the transcription of lipogenic genes, such as fatty acid synthase (FAS) (14) .
MicroRNAs (miRNAs or miRs) are endogenous non-coding single-stranded RNAs of ϳ22 nucleotides that post-transcriptionally regulate gene expression (15) (16) (17) . Recently, miR-122, miR-33, miR-30c, miR-24, and miR-130 have been identified as important regulators of lipid metabolism (18 -22) . In a previous microarray screening, we found that miR-291b-3p was in-creased in the steatotic liver of db/db mice (23) . MiR-291b-3p is in the murine miR-290 cluster, and previous studies have suggested a role for this miRNA in the development of embryonic stem cells (24 -26) . No studies have linked miR-291b-3p to hepatic lipid accumulation. Considering its substantial increase in steatotic livers (23) , in the present study, we examined whether miR-291b-3p regulates hepatic lipid metabolism. We found that miR-291b-3p promotes hepatic lipid accumulation by stimulating hepatic lipogenesis. Importantly, we identified AMPK␣1 as a direct target of miR-291b-3p, which suggests that miR-291b-3p may promote hepatic lipogenesis by inhibiting AMPK␣1 expression and activity.
Experimental Procedures
Animals and Treatments-db/db mice and wild-type (WT) C57BL/6J mice were purchased from the Peking University Health Science Center. These mouse lines were originally obtained from The Jackson Laboratory. 8 -10-week-old male db/db mice (n ϭ 5) and age-matched male wild-type (WT) mice (n ϭ 5) were fed a standard chow diet for 4 weeks. In another experiment, C57BL/6J mice were fed a standard chow diet or a high-fat diet (HFD, D12451, 45% kcal from fat, Research Diet for 10 weeks starting at ϳ5 weeks of age in a temperature-(20 -24°C) and humidity-controlled (45-55%) environment. A 12 h/12 h light/dark cycle was maintained in the animal housing rooms. HFD-fed mice were injected intravenously through the tail vein with an adenovirus expressing a miR-291b-3p inhibitor (Ad-291i) or negative control (NC) adenoviral vector (Ad-Con). In addition, 6 -8-week-old male C57BL/6J mice fed a standard chow diet were injected intravenously through the tail vein with the adenovirus expressing a miR-291b-3p mimic or negative control adenovirus vector. On day 7 after adenovirus injection, the mice were anesthetized, and blood was collected via cardiac puncture. Livers were harvested, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for further analysis (19) . Additionally, eight male C57BL/6J mice were intragastrically treated with metformin or vehicle at 3 mg/kg/day for 8 weeks in the presence of HFD after 10-week HFD feeding. All mouse procedures were approved by the Animal Ethics Committee at the Beijing Institute of Geriatrics.
Adenoviral Vector Construction-Recombinant adenoviruses expressing a miR-291b-3p mimic (Ad-miR-291b-3p-m) or miR-291b-3p inhibitor (Ad-miR-291b-3p-i) or a negative control (NC) adenovirus vector containing GFP (Ad-Con) were purchased from Shanghai GeneChem Co., Ltd.
Cell Culture-The NCTC1469 murine liver cell line (American Type Culture Collection) was cultured in low-glucose Dulbecco's modified Eagle's medium (L-DMEM) (Invitrogen) supplemented with 10% horse serum (HyClone), 100 units/ml penicillin (Invitrogen), and 0.1 mg/ml streptomycin (HyClone) at 37°C with humidified air and 5% CO 2 .
RNA Isolation and Real-time PCR-Total RNA was extracted from liver tissue using TRIzol reagent (Invitrogen). 1 g of total RNA was transcribed to cDNA using the M-MuLV transcriptase (NEB). Stem-loop reverse transcription-polymerase chain reaction (RT-PCR) was conducted with the samples to detect and quantify mature miRNAs using a stem-loop antisense primer mix and M-MuLV transcriptase (NEB). SYBR Green I was used for real-time PCR according to the manufacturer's instructions (TaKaRa) with the Bio-Rad iQ5 system (Bio-Rad). The relative expression level of a miRNA or mRNA was normalized to an internal invariant control, U6 small nucleolar RNA or GAPDH. Each reaction was performed in triplicate, and analysis was performed by the 2 Ϫ‚‚CT method.
Nucleotide primers (5Ј-3Ј) used for reverse transcription were GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA-CTGGATACGACACAAAC for miR-291b-3p and GTCGTA-TCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG-ACAAATATG for U6.
The primers (5Ј-3Ј) used for real-time PCR were miR-291b-3p forward: GCAAAGTGCATCCATTTTGTTTGT; U6 forward: GCGCGTCGTGAAGCGTTC; universal reverse primer: GTGCAGGGTCCGAGGT. IL6 forward: 5Ј-CAATA-TGAATGTTGGGACACT-3Ј; IL6 Reverse: ACATTCCAAG-AAACCATCTG); TNF␣ forward: 5Ј-GCTCAGAGCTTTCA-ACAACT-3Ј; TNF␣ reverse: 5Ј-AAGGTCTGAAGGTAG-GAAGG-3Ј); GAPDH forward: 5Ј-GTCGGTGTGAACGGA-TTTG-3Ј; GAPDH reverse: 5Ј-AAGATGGTGATGGGCT-TCC-3Ј.
Biochemical Analysis-The serum biochemical profiles, such as aspartate aminotransferase (AST) and alanine aminotrans (ALT), were detected with a Biochem-Immunoautoanalyser (Brea, CA).
Western Blotting Analysis-Cell lysates (15-30 g of proteins) were separated by 10% SDS-PAGE, transferred to PVDF membranes (Millipore), blocked with 8% nonfat dry milk, and then incubated with a primary antibody at 4°C overnight. The blot was incubated with HRP-conjugated anti-IgG, followed by detection with ECL (Millipore). Antibodies against ACC1 (ab45174), phosphorylated ACC1 (ab68191), FAS (ab128870), GAPDH (ab181602) and AMPK␣1 (ab32047) were purchased from Abcam. Antibodies against ␤-actin (#4970), AMPK (#5831), and phosphorylated AMPK (Thr 172 ) (#2531) were obtained from Cell Signaling Technology. An antibody to SREBP1 was purchased from Santa Cruz Biotechnology (sc-366).
Triglyceride Measurement-The content of tissue triglycerides was measured as described previously (18 -20) using a triglyceride enzymatic assay kit (ShenSuoYouFu Medical Diagnostic Products Co., Ltd., Shanghai, China).
Histological Analysis of Tissues-Frozen sections of liver specimens were fixed in paraformaldehyde for Oil Red O or hematoxylin and eosin (H&E) staining. In brief, liver tissue was fixed in 4% paraformaldehyde buffer for 1 h at 37°C. Then, they were embedded in optimal cutting temperature (OCT) solution on dry ice and cut into 5 m sections. To further confirm lipid droplet accumulation, they were incubated with pre-warmed Oil Red O (Solarbio, Beijing, China) for 30 min at 37°C and washed with 60% 1,2-propanediol. Then, the droplets stained with Oil Red O were visualized under a microscope (CK Microscope, Olympus, Tokyo, Japan) (27) . For H&E staining, the slides were first incubated with hematoxylin for 5 min and then washed with 1% ethanol hydrochloride for 3 s. After washing with water, the slides were stained with eosin for 3 min and
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dehydrated with an alcohol gradient. The vacuoles were considered the lipid droplets (28) .
Luciferase Reporter Assay-The 3Ј-UTR sequence of AMPK␣1 predicted to interact with miR-291b-3p was PCR-cloned from the genomic DNA of the NCTC1469 cell line and then inserted into the XbaI and SacI sites of the pmir-GLO control luciferase reporter vector (Promega, Madison, WI). HEK293 cells were co-transfected with the internal control vector pmir-GLO (Promega), pmir-GLO-AMPK␣1 3ЈUTR and a miR-291b-3p mimic (or negative control) using Effectene (Qiagen) for 48 h. Luciferase reporter assays were performed using the Dual-Glo luciferase assay system according to standard protocols (Promega).
Cell Transfections-miR mimics and inhibitors or the negative control (NC) as well as AMPK␣1 siRNA or a nonspecific siRNA (NC) were purchased from GenePharma (Shanghai). Transfection of miRs or siRNA was performed with HiPerFect transfection reagent (Qiagen) as previously described (23) .
Oleic Acid/Palmitic Acid (O/P) Treatment-0.25 M Oleic acid (Sigma) and palmitic acid (Sigma) were dissolved in 100% ethyl alcohol. Before using, 0.25 M oleic acid, palmitic acid stock, and 5% BSA were incubated in 60°C water bath for 5-10 min. Then, 640 l or 320 l of oleic acid and palmitic acid stock were dropwise added into 20 ml of 5% BSA to make 8 mM and 4 mM oleic acid and palmitic acid, respectively. Before experiments, 8 mM and 4 mM oleic acid and palmitic acid were incubated in a 60°C water bath for 5-10 min. Then, equal volumes of oleic acid and palmitic acid were mixed together. And a mixture of oleic acid/palmitic acid was added at a total concentration of 300 M (2:1, M/M).
Statistics-The data are represented as the means Ϯ S.E. The two-tailed unpaired Student's t-tests were used for comparisons of two groups. The ANOVA multiple comparison test (SPSS 13.0) followed by Turkey post hoc test were used for comparisons of two more groups. p Ͻ 0.05 was considered to be statistically significant.
Results

MiR-291b-3p Expression Is Up-regulated in the Steatotic
Liver of db/db Mice and HFD-fed Mice-To identify the potential role of miR-291b-3p in lipid metabolism, we first examined its expression in the steatotic liver of db/db mice and HFD-fed mice by real-time PCR. Compared with the respective control mice, db/db mice and HFD-fed mice displayed a significant increase in hepatic miR-291b-3p ( Fig. 1, A and B) . As expected, db/db and HFD-fed mice accumulated excessive amounts of lipids ( Fig. 1, C and D) and exhibited elevated levels of lipogenic proteins, including SREBP-1 and FAS, in liver relative to their respective controls (Fig. 1, E and F) .
Inhibition of miR-291b-3p Expression in the Liver Prevents Hepatic Lipid Accumulation in HFD-fed Mice-To determine if miR-219b-3p is involved in the hepatic lipid accumulation, we inhibited miR-219b-3p expression in the liver of HFD-fed mice with a recombinant adenovirus expressing a miR-291b-3p inhibitor (Ad-291i). Seven days after tail vein injection of the Ad-291i adenoviruses, hepatic levels of miR-291b-3p were reduced by ϳ40% ( Fig. 2A ). Of note, biochemical analysis revealed that the liver enzymes including AST and ALT (Fig.   2B ), and hepatic cytokines such as IL6 and TNF ␣ (Fig. 2C) were elevated in mice treated with the adenovirus vectors compared with in control mice injected with vehicle (no virus), indicating that adenovirus vectors caused inflammatory processes in the liver. Therefore, to exclude the effects of adenovirus vectors on inflammation, adenovirus vectors containing GFP were used as control (Ad-Con) to compare with adenovirus vectors expressing miR-291b-3p inhibitor (Ad-291i). More importantly, this 40% reduction in hepatic miR-219b-3p expression was associated with a significant reduction in liver weight and liver weight-to-body weight ratios (Fig. 2, D and E) . H&E and Oil Red O staining revealed a significant decrease in hepatic lipid deposition ( Fig. 2F ) in these animals. Importantly, the hepatic triglyceride content was significantly reduced (Fig.  2G ), which was associated with reduced protein levels of SREBP-1 and FAS in the liver (Fig. 2H) . These results suggest that inhibition of miR-291b-3p expression in the liver may prevent hepatic triglyceride accumulation in HFD-fed mice by suppressing lipogenesis.
Hepatic Overexpression of miR-291b-3p Induces Lipid Accumulation in the Liver-To determine if miR-219b-3p directly causes hepatic steatosis, we overexpressed it in the liver of C57BL/6J mice fed a standard chow diet via the recombinant adenovirus expressing a miR-291b-3p mimic (Ad-291m). Seven days after adenoviral injection, miR-291b-3p was elevated by ϳ80% in the liver (Fig. 3A) . The levels of AST and ALT were also found to be enhanced in mice treated with the adenovirus vectors ( Fig. 3B) , accompanied by elevated hepatic cytokine production, such as IL6 and TNF␣, suggesting that injection of adenovirus vectors led to hepatic inflammation in the liver of C57BL/6J mice (Fig. 3C) . To exclude the effects of adenovirus vectors on inflammation, adenovirus vectors containing GFP were used as control (Ad-Con) to compare with adenovirus vectors expressing miR-291b-3p mimic (Ad-291m). The injection of Ad-291m did not alter body weight but did increase liver weight and the liver weight-to-body weight ratio compared with Ad-Con (Fig. 3, D and E) . H&E and Oil Red O staining showed that the mice injected with Ad-291m accumulated lipids in the liver (Fig. 3F) , which was consistent with a significant increase in hepatic triglycerides (Fig. 3G ). These changes in hepatic lipids were associated with increased hepatic levels of the SREBP-1 and FAS proteins (Fig. 3H) . These findings indicate that hepatic overexpression of miR-291b-3p may cause lipid accumulation in the liver by up-regulating lipogenic gene expression.
Suppression of miR-291b-3p Expression Ameliorates Oleic Acid/Palmitic Acid-induced Lipid Accumulation in NCTC1469
Cells-To determine whether our in vivo findings occur in a cell-autonomous manner, we employed the NCTC1469 mouse liver cell line as a model. We treated NCTC1469 cells with a mixture of oleic acid/palmitic acid (2:1, M/M) for 24 h, as previously described (29) . The expression of miR-291b-3p was significantly up-regulated in NCTC1469 cells treated with 300 M of the oleic acid/palmitic acid mixture (Fig. 4A) . When a miR-291b-3p inhibitor was added for 48 h, miR-291b-3p expression was suppressed in NCTC1469 cells (Fig. 4B) , accompanied by reduced lipid accumulation ( Fig. 4C ) and cellular triglyceride content (Fig. 4D) in the presence of oleic acid/palmitic acid.
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Moreover, suppression of miR-291b-3p reversed the oleic acid/ palmitic acid-induced elevation of protein and mRNA expression of SREBP-1 and FAS (Fig. 4E) .
To determine whether miR-291b-3p is capable of inducing triglyceride deposition, miR-291b-3p was overexpressed in NCTC1469 cells by transfection of a miR-291b-3p mimic (Fig. 4F ). As revealed by Oil Red O staining, the miR-291b-3p mimic directly induced lipid accumulation in NCTC1469 cells (Fig. 4G ). Similarly, it increased the cellular triglyceride content (Fig. 4H ). This increase in cellular triglycerides was associated with increased expression of SREBP-1 and FAS (Fig. 4I) .
MiR-291b-3p Mediates Lipid Accumulation by Directly Targeting AMPK␣1-To identify the direct effectors of miR-291b-3p-mediated lipid accumulation, we employed a bioinformatics approach. Based on the analysis of predicted target genes and sequences, murine miR-291b-3p was aligned with the 3Ј-UTR of AMPK␣1 mRNA (Fig. 5A) , indicating that AMPK␣1, an important catalytic subunit of AMPK, may be a potential target gene of miR-291b-3p. To determine if AMPK␣1 is a true target of miR-291b-3p, we generated a Renilla luciferase reporter plasmid containing the 3Ј-UTR of mouse AMPK␣1 with miR-291b-3p binding sites. A reporter assay performed in HEK 293T cells showed that overexpression of miR-291b-3p significantly reduced the luciferase activity in HEK 293T cells transfected with the luciferase reporter plasmid (Fig. 5B) . To further determine whether miR-291b-3p can target endogenous AMPK␣1, NCTC1469 cells were transfected with a miR-291b-3p mimic or miR-291b-3p inhibitor. As shown in Fig. 5C , overexpression of miR-291b-3p in NCTC1469 cells led to a significant reduction in levels of phosphorylated AMPK and total AMPK␣1 protein. Importantly, the level of phosphorylated ACC1 (p-ACC1), a target of p-AMPK, was substantially decreased in NCTC1469 cells transfected with the miR-291b-3p mimic. The opposite was observed when miR-291b-3p was silenced by a miR-291b-3p inhibitor (Fig. 5D ). To determine if these in vitro findings are valid in vivo, we overexpressed miR-291b-3p in the liver of C57BL/6J mice by Ad-291m injections. Adenovirus-mediated overexpression of miR-291b-3p substantially reduced the levels of AMPK␣1, AMPK, and p-AMPK in the mouse liver (Fig. 5E ). The opposite was observed when miR-291b-3p was inhibited in the liver of HFD mice (Fig. 5F) . 
These observations establish AMPK␣1 as a direct target of miR-291b-3p.
To determine whether AMPK␣1 mediates miR-291b-3p-induced lipid accumulation, AMPK␣1 expression was silenced by AMPK␣1 siRNA. Western blotting analysis indicated that expression levels of AMPK␣1 and p-AMPK were suppressed in NCTC1469 cells transfected with AMPK␣1 siRNA (Fig. 5G) . Interestingly, silencing of AMPK␣1 reversed miR-291b-3p inhibitor-induced decreases in cellular triglyceride content ( Fig. 5H ) and reduced the levels of p-ACC1 and ACC1 (Fig. 5I) . Taken together, these findings indicate that miR-291b-3p may mediate lipid accumulation by inhibiting AMPK␣1 expression.
Reducing miR-291b-3p Expression Is Associated with Metformin-reversed Hepatic Lipid Accumulation in HFD-fed
Mice-Metformin is an activator of AMPK. HFD-fed mice treated with metformin displayed reduced lipid accumulation (Fig. 6, A and B) . To examine the potential relationship between miR-291b-3p and metformin, we measured miR-291b-3p expression levels in the livers of HFD-fed mice treated with metformin for 8 weeks and found that metformin significantly reduced miR-291b-3p expression (Fig. 6C ). As expected, metformin increased hepatic levels of AMPK␣1, AMPK, and p-AMPK and decreased hepatic expression of SREBP-1, FAS, and p-ACC1 in the HFD-fed mice (Fig. 6D) . These data suggest that metformin may activate AMPK via a novel miR-291b-3pdependent mechanism in liver.
Discussion
In this study, we identified miR-291b-3p as a novel mediator of hepatic lipid accumulation. We provided evidence supporting a potential role for miR-291b-3p in driving hepatic lipogenesis associated with overnutrition or obesity. In addition, we established AMPK␣1 as a direct target of miR-291b-3p and showed for the first time that metformin, a well-established activator of AMPK, suppresses hepatic miR-291b-3p expression in HFD-fed mice. This finding suggests that the activation of AMPK by metformin may at least partly be due to suppression of miR-291b-3p. Clearly, further studies are needed to address this novel question.
MiRNAs, small RNAs with ϳ22 nucleotides that repress gene expression though incomplete base pairing, have been found to be involved in lipid metabolism. For example, as a predominant liver miRNA, miR-122 has been shown to have essential metabolic, anti-inflammatory, and anti-tumorigenic roles (30) . MiR-33a/b was also reported to control lipid/cholesterol metabolism, mainly by repressing human SREBF genes (31) . In addition, miR-181a transgenic mice demonstrated reduced lipid accumulation, mainly by targeting isocitrate de- MAY 13, 2016 • VOLUME 291 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 10629 hydrogenase 1 (IDH1), a novel metabolic enzyme in the TCA cycle (32) . In this study, using miRNA analysis of the livers of db/db mice and HFD-fed mice and NCTC1469 cells treated with an oleic acid/palmitic acid mixture, we examined the role of miR-291b-3p which belongs to the murine miR-290 cluster, in lipid metabolism. The miR-290 cluster is a 2.2-kb region on chromosome 7, and miRNAs of the miR-290 cluster are the most abundant miRNAs in murine embryonic stem cells (ESCs). Among 14 mature miRNAs transcribed from the cluster, miR-290 -3p, miR-291a-3p, miR-291b-3p, miR-292-3p, miR-294, and miR-295 exhibit the same seed sequence (AAGUGC), while the other miRNAs (miR-290 -5p, miR-291a-5p, miR-291b-5p, miR-292-5p, miR-293, miR-293*, miR-294*, and miR-295*) contain different seed sequences (33) . Knock-out of this cluster led to partial embryonic lethality and germ cell defects, suggesting a key role in early embryonic development (34) . Recent studies have indicated that the miR-290 cluster is involved in different cellular pathways by widely repressing various target genes (35) (36) (37) . For example, p65, which is involved in modulating stem cell pluripotency, was identified as a new target for the miR-290 cluster (38) . The miR-290 cluster has also been reported to stimulate glycolysis by regulating the glycolytic enzymes PKM2 and LDHA (39) . To date, the study of the miR-290 -295 cluster has been limited to early embryos and stem cells. In the present study, our data indicate that miR-291b-3p contributes to the accumulation of triglycerides in hepatocytes. More importantly, knockdown of miR-291b-3p has a therapeutic effect on lipid accumulation in HFD-fed mice, suggesting the potential application of miRNA therapy for NAFLD.
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MiR-291b-3p is not the only miRNA that regulates obesityassociated NAFLD. In the present study, we identified AMPK␣1 as a direct target of miR-291b-3p. As a sensor of cellular energy and nutritional status (40) , AMPK activation can directly inhibit the transcriptional activity of the SREBP family. Members of the SREBP family are key regulators of fatty acid, triglyceride, phospholipid, and cholesterol biosynthesis and uptake (41, 42) . There are 2 members of the mammalian SREBP 
family: SREBP1 (including 2 isoforms, SREBP-1c and SREBP-1a) and SREBP2. Importantly, SREBP1 mainly activates fatty acid and triglyceride biosynthesis. In comparison, SREBP2 mainly participates in cholesterol biosynthesis by regulating 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) expression and uptake (43) . In rat hepatoma McA-RH7777 cells, AMPK was reported to inhibit liver X receptor (LXR)-dependent SREBP-1c mRNA expression, mainly by suppressing endogenous LXR ligand production (42, 44) . Recently, AMPK was shown to phosphorylate and inhibit SREBP activity, preventing hepatic steatosis (13) . SREBP-1c is a transcriptional activator of lipogenic genes, such as FAS (7) ; thus, its inhibition in liver is expected to suppress hepatic de novo lipogenesis. Additionally, AMPK activation may inhibit fatty acid synthesis by phosphorylating ACC, the rate-limiting enzyme in the fatty acid biosynthetic pathway (45) . Thus, it is tempting to speculate that miR-291b-3p may promote hepatic steatosis in part by increasing de novo lipogenesis via suppressing AMPK␣1 expression.
Metformin derived from biguanide is the most commonly prescribed medication for type 2 diabetes. Through activation of AMPK, metformin reduces hepatic glucose release and enhances glucose uptake in skeletal muscle (46) . More recently, metformin was shown to be a therapeutic agent in a variety of diseases, including NAFLD and cancers (47) . However, the mechanism underlying the enhanced AMPK activation by metformin has not been elucidated. Recent studies have found that multiple miRNAs are modulated by metformin in various diseases (48, 49) . For example, metformin was shown to increase the expression of let-7a, let-7b, miR-26a, miR-101, miR-200b, and miR-200c in a dose-dependent manner in pancreatic cancer cells (47) . In colon cancer, metformin treatment reduced the relative level of miR-21 and miR-145 (48) . In this study, gastric administration of metformin increased AMPK activity and resulted in significantly impaired lipid deposition in the livers of HFD-fed mice. Most importantly, we found that metformin could down-regulate the expression of miR-291b-3p in the liver of HFD-fed mice, suggesting a potential role for miR-291b-3p in the metformin-mediated hepatic phenotypic shift away from lipid accretion via AMPK activation. However, we need to further investigate the effects of miR-291b-3p overexpression on metformin and the mechanisms by which metformin down-regulates miR-291b-3p expression in the liver of HFD-fed mice.
In addition, we observed that the mice injected with Ad-291m and Ad-291i exhibited increased serum levels of hepatic enzymes (AST and ALT) and elevated content of cytokines (TNF␣ and IL6) in liver compared with in control mice injected with vehicle (no virus). Consistently, Zaiss et al. (50) reported that in human HeLa cells and murine renal epithelium-derived cells (REC cells) the adenovirus vector AdlacZ induced the expression of multiple inflammatory chemokines including RANTES, interferon-inducible protein 10 (IP-10), IL-8, MIP-1and MIP-2 in a dose-dependent manner. Moreover, injection of adenovirus vector in mice resulted in increased chemokine and cytokine expression, and elevated serum AST and ALT levels. These findings indicated that adenovirus vectors significantly induced the vector-specific immune responses, which limited the potential therapeutic use of adenovirus vectors for gene therapy.
In conclusion, miR-291b-3p is critically involved in the regulation of obesity-associated NAFLD and is an inhibitor of AMPK␣1. MiR-291b-3p inhibitors may have therapeutic effects on fatty liver disease. The beneficial effects of metformin in NAFLD prevention and treatment may be partly through down-regulation of hepatic miR-291b-3p expression. Detailed FIGURE 5 . MiR-291b-3p mediates cellular lipid accumulation by directly targeting AMPK␣1. A, bioinformatics-predicted binding sites of miR-291b-3p in the 3Ј-UTR of AMPK␣1. B, luciferase activity in HEK 293T cells co-transfected with a miR-291b-3p mimic and pmir-GLO (Promega) or pmir-GLO-AMPK␣1 3ЈUTR. C and D, levels of AMPK␣1, total AMPK, AMPK phosphorylated at threonine 172 (p-AMPK), total ACC1 and p-ACC1 in NCTC1469 cells transfected with a miR-291b-3p mimic (C) or miR-291b-3p inhibitor (D). E and F, levels of AMPK␣1, total AMPK and p-AMPK in the livers of C57BL/6J mice treated with Ad-291m (E) or HFD-fed mice treated with Ad-291i (F). G, expression and phosphorylation of AMPK␣1 in NCTC1469 cells treated with an AMPK␣1 siRNA. H and I, intracellular triglyceride content (H) and protein levels of p-ACC1 and total ACC1 (I) in NCTC1469 cells treated with a miR-291b-3p inhibitor and the AMPK␣1 siRNA. n ϭ 3 independent experiments. *, p Ͻ 0.05 (versus NC); **, p Ͻ 0.01(versus NC); ***, p Ͻ 0.001 (versus NC).
future studies on the molecular mechanisms by which miR-291b-3p promotes hepatic lipid accumulation should be carried out.
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